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MinireviewNew Roles for Ubiquitin
in the Assembly and Function
of Neuronal Circuits
is regulated by protein turnover. Here, we describe new
work showing that these transformations of the axon
terminal are often mediated by ubiquitin-dependent pro-
cesses (Myat et al., 2002; DiAntonio et al., 2001; Burbea
et al., 2002; Campbell and Holt, 2001).
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Ubiquitin is best known for its role in the targeting of
cytoplasmic proteins for degradation in the 26S protea-
some and thereby regulating a number of cellular pro-A series of recent papers highlight a prominent role
cesses such as the cell cycle and cell death (Joazeirofor ubiquitin in the formation and function of neural
and Weissman, 2000). The system consists of a con-circuits. These new results focus attention on the mo-
served cascade of three enzymatic components thatlecular remodeling that occurs at various decision
covalently attach ubiquitin (a small polypeptide of 76points in the life of growth cones and synapses.
amino acids) to various substrates. The first enzyme in
the cascade, termed E1, activates ubiquitin in an ATP-Ubiquitin Meets the Axon Terminal
dependent manner by attaching ubiquitin to a cysteineThe first hint that ubiquitin might play a critical role in
residue within the enzyme. The genomes of most spe-the assembly of neural circuits came from work on the
cies encode a single E1 enzyme. The E1 then passesDrosophila giant fiber system that was, in 1984, far
ubiquitin to E2 ubiquitin conjugases (10–20 such en-ahead of its time. A genetic screen designed to identify
zymes in a given species), which can, alone or in concertanimals with defective escape responses resulted in
with E3 ligases, attach ubiquitin to the substrate. Giventhe isolation of a mutant, bendless, that disrupted the
the large number of E3s in most genomes, it is thoughtdevelopment of the largest synapse in the adult Dro-
that the E3s provide most of the specificity to determinesophila nervous system (Thomas and Wyman, 1984).
which substrates should be ubiquitinated. There are atHowever, it took a decade and the emergence of the
least two major classes of E3s: HECT domain E3s thatappropriate molecular tools to determine that the bend-
are directly involved in ubiquitination of substrates (Har-less locus encoded a ubiquitin conjugase (Muralidhar
vey and Kumar, 1999) and RING domain E3s that areand Thomas, 1993; Oh et al., 1994). In the papers de-
components of larger protein complexes that recognizescribing the cloning of bendless, one could almost hear
substrates but depend on E2s for the transfer of ubi-the authors groan as they tried to make sense of their
quitin.finding and proposed that this “housekeeping” gene
The consequence of ubiquitination is typically de-might regulate the transformation from growth cone to
struction of the substrate through one of two pathwayssynapse. As this work on cloning bendless was being
(Figure 1). The proteasome-dependent pathway haspublished, the first results were emerging, showing that
been extensively studied and reviewed (Joazeiro andubiquitin might play a role in the trafficking of cell surface
Weissman, 2000). In this pathway, polyubiquitinationproteins. Studies in yeast first demonstrated that ligand-
(the addition of more than five adducts) targets sub-induced downregulation of receptors was in some cases
strates to the 26S proteasome for degradation. In con-a ubiquitin-dependent process (reviewed by Hicke, 2001).
trast, a lysosomal degradation pathway that dependsThese two seemingly independent streams of work have
on monoubiquitination (or the addition of fewer than fivenow converged and have focused attention on the role of
adducts) has recently been described. In yeast, it has
ubiquitin in growth cone decision making and synaptic
been shown that monoubiquitination of some cell sur-
remodeling.
face receptors can cause their endocytosis and target
The life of a growth cone can be divided into phases them for degradation in the lysosome (Helliwell et al.,
corresponding to transitions that occur at various stages 2001; Hicke, 2001). Monoubiquitination can also act as
in its life history. During the early stages of path finding, a sorting signal in the endosomal pathway in some cases
the growth cone is steered by a variety of diffusible directing proteins into a futile synthetic pathway from
and substrate bound signals that control its movements Golgi to lysosome (dotted arrow). In this report, we will
through attraction or repulsion. At an intermediate target focus primarily on monoubiquitination and the lyso-
like the midline, growth cones that cross the midline somal pathway because of its importance in restructur-
are transformed in their responses from attraction to ing the plasma membrane of the axon terminal.
repulsion by dynamic alterations in their cell surface Attraction and Repulsion at the Midline
receptors (Seeger et al., 1993; Tear et al., 1996). At the The midline is one decision point where ubiquitin regu-
ultimate target, where it recognizes its postsynaptic lates the change of state that occurs as the growth cone
partners, it is transformed from a motile growth cone changes direction (Myat et al., 2002). Drosophila midline
to a more sedentary synapse by a restructuring of the glial cells secrete both the attractant ligand, Netrin, and
surface proteins (Wolf et al., 1998). Finally, the mature the repellent ligand, Slit, and growth cones that are influ-
synapse remains flexible, and this plasticity, which is enced by the midline express the corresponding recep-
responsible for learning and memory among other things, tors, DCC/Frazzled (Fra) and Roundabout (Robo). For
growth cones that will cross the midline, there are two
phases to the response: attraction toward the midline2 Correspondence: rmurphey@bio.umass.edu
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then proceed on their contralateral journey, and the
Robo/Slit repulsion system prevents them from recross-
ing the midline.
In a recent paper in Neuron, Tear and colleagues sug-
gest that the downregulation of Robo during the ap-
proach to the midline is a ubiquitin-mediated process.
Using the cytoplasmic domain of Comm as bait in a
yeast two-hybrid screen, they identified the Drosophila
homolog of Nedd4, a HECT domain containing E3 ligase
as a partner in this process (Myat et al., 2002). Comm
was shown to be ubiquitinated by DNedd4 in a process
that depended on the protein-protein interaction do-
main. When Robo alone was expressed in Drosophila
S2 cells, it was localized to the cell surface, whereas
when Comm alone was expressed it was predominantly
located intracellularly in what appeared to be endo-
somes. When Comm was coexpressed with Robo, both
Figure 1. The Ubiquitin System were found in endosomes. Comm contains a series of
lysines in its intracellular domain that are putative sitesThe change in behavior of an axon terminal at various decision
points often involves the removal or insertion of cell surface proteins for ubiquitination by DNedd4, and when these lysines
under the control of ubiquitin. There are two major pathways for were replaced with arginines, the relocalization of Comm
degradation dependent on monoubiquitin and polyubiquitin. Mono- and Robo from the plasma membrane to intracellular
ubiquitination of a receptor triggers endocytosis of the receptor,
sites in S2 cells did not occur. The data argued thatwhich is then degraded in the lysosome. Deubiquitination can also
ubiquitination was critical to the regulation of growthdirect the proteins back to the cell surface for reuse. The second
cone behavior at the midline. Myat et al. (2002) proposedmajor pathway is dependent on polyubiquitination of cytoplasmic
proteins, which are typically degraded in the 26S proteasome. that Comm binds to Robo and ubiquitination of Comm
by Nedd4 causes this complex to be endocytosed,
thereby removing Robo from the surface. Seeger and
followed by repulsion as it leaves the midline. First, his colleagues have focused on Robo as a potential
growth cones are attracted to the midline by Netrin, and target for ubiquitin because they find that lysines in the
during the approach to the midline the repellent receptor cytoplasmic domain of Robo are critical for clearance
Robo is downregulated, allowing the growth cones to of Robo from the cell surface. They suggest that Robo,
enter the midline (Figure 2A). The removal of Robo is rather than Comm, must be ubiquitinated (Choi et al.,
regulated by an integral transmembrane protein called 2001, Soc. Neurosci. Abstr.). Whether Robo, Comm, or
Commissureless (Comm). Comm binds to Robo and is both are ubiquitinated, it seems clear that ubiquitin is
presumed to function as an adaptor for Robo, facilitating required to clear Robo from the growth cone surface
its removal (Seeger et al., 1993, Tear et al., 1996). Sec- and reduce its repellent effect so the growth cone can
ond, having crossed the midline, Robo is no longer dow- enter the midline (Figure 2A).
nregulated and therefore repels the growth cone, en- Complementary work from the Dickson and Technau
labs offered a variation on this model. In a technicalcouraging its exit from the midline. The growth cones
Figure 2. Ubiquitin-Dependent Transforma-
tion of Neuronal Interactions
(A) During a growth cone’s approach to the
midline, Comm serves as an adaptor protein
binding to Robo as well as to Nedd4. The
lysines in the Comm intracellular domain are
presumed to be monoubiquitinated, and this
is critical to the endocytosis of Robo in order
for the growth cone to approach the midline.
The dotted arrow indicates the futile protein
synthesis pathway directly from Golgi to the
lysosome without ever reaching the cell sur-
face (see text). (B) Synapse initiation at the
Drosophila NMJ appears to be similar to the
midline regulation because endocytosis of
Comm in the muscle prior to synapse forma-
tion is essential for initiation of synaptogene-
sis. It is speculated that Comm regulates the
removal of a “synapse inhibition factor” from
the muscle surface. (C) Some mature syn-
apses are modulated by ligand activated ubi-
quitination of the glutamate receptor, which
triggers its endocytosis and thereby reduces
synaptic strength.
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tour de force, Keleman et al. (2002) transplanted single leagues have studied this transition at the Drosophila
neuromuscular junction (NMJ) and have shown that notneuronal precursors from comm mutant embryos to
wild-type backgrounds or vice versa and then examined only midline crossing, but also synaptogenesis, is de-
pendent on Comm (Wolf et al., 1998). As expected fromthe axon trajectories of the descendants of the trans-
planted cells near the midline. They showed that Comm the loss of commissural axons in comm mutants, motor
neurons that normally innervate contralateral muscleswas required autonomously in the neurons whose axons
cross the midline (see also Georgiou and Tear, 2002), do not cross the midline. Despite this midline defect,
they carry out normal path finding behavior, growingbut their model was that Comm regulated trafficking of
Robo from the Golgi to the lysosome instead of to and out of the CNS to reach the ipsilateral homolog of their
normal target muscle. However, upon reaching the mus-from the plasma membrane (dotted arrows in Figures 1
and 2). They proposed that during the initial phase of cles, the growth cones stall their targets without forming
a synapse.path finding, Comm prevented Robo from ever reaching
the growth cone surface, thereby allowing the growth Comm is normally expressed on all muscles prior to
arrival of the growth cones and is endocytosed into thecone to approach the midline. A precedent for such
futile protein synthesis controlled by Nedd4 exists in muscles just before synaptogenesis begins. If Comm is
not removed from the muscle surface, then synaptogen-yeast (Helliwell et al., 2001). The mechanism for this
autonomous function of Comm remains unclear, but it esis fails. Expression of a cytoplasmically truncated ver-
sion of Comm that is not internalized acts as a dominantcould be controlled by ubiquitin. In summary, while it is
clear that Comm regulates Robo expression at the cell negative and prevents the initiation of synaptogenesis.
Wolf et al. (1998) speculate that Comm triggers removalsurface and both models are able to explain the low
Robo levels on the commissural growth cones as they and degradation of an undefined “synapse inhibition
factor” (Figure 2B). This model parallels the removal ofapproach the midline, the exact protein trafficking
events and their regulation by ubiquitin remain to be Robo in growth cones as they approach the midline
(Figure 2A). Since Nedd4 is broadly expressed in Dro-clarified. It is possible that the two studies are compati-
ble and that both processes work together. Experiments sophila embryos (Myat et al., 2002), it is possible that
Comm function in the muscle is regulated by Nedd4 asare in progress to understand how these two models
can be rationalized. it is at the midline. However, the target protein being
regulated by Comm in the muscle remains unknown, andDuring the second phase of its interaction with the
midline, the growth cone is released from Comm-medi- a direct role for ubiquitin remains to be demonstrated.
Ubiquitin and Synaptic Stabilizationated inhibition. Keleman et al., (2002) show that comm
mRNA disappears and as a result Robo is up-regulated After the axon terminal is transformed from growth cone
to synapse, the ubiquitin system is well suited, throughon the surface and can again repel the growth cone
from the midline and prevent its re-crossing. However, ubiquitination or deubiquitination, to regulate the strength
of the connection. In a genetic overexpression screenthe transition which leads to the absence of comm ex-
pression once the growth cone has left the midline re- designed to detect modifiers of synaptic growth in Dro-
sophila, DiAntonio and his collaborators have demon-mains a mystery.
The counterpoint to the repellent system, the at- strated a role for ubiquitin at the neuromuscular junction
(DiAntonio et al., 2001). They demonstrated that whentraction to the midline by the Netrin-DCC/Fra system,
may also be regulated by ubiquitin. Studies of Xenopus a deubiquitinating enzyme called Fat facets (Faf) was
overexpressed in motor neurons, the synapse was de-retinal ganglion cells in culture show that they are at-
tracted to a source of Netrin, and this response is stabilized, leading to overgrowth of the presynaptic ter-
minal. In the Drosophila retina, where Faf was involved inblocked by inhibition of proteasome function. Signifi-
cantly, Netrin stimulates the production of unidentified the determination of neuronal fate, it regulates a protein
known as Liquid facets, a component of the endocytosisubiquitin conjugates in these growth cones (Campbell
and Holt, 2001). It remains unclear how this Netrin-DCC/ machinery. The deubiquitination of Liquid facets pre-
vents its degradation by the proteasome, thereby en-Fra signaling affects the proteasome-dependent ubiqui-
tin pathway and which proteins are being affected. Per- hancing endocytosis (Fischer and Overstreet, 2002). At
the neuromuscular junction it appears that Faf is regulat-haps inhibition of the proteasome stabilizes repellent
receptors like Robo, which might then block netrin re- ing the molecular machinery required to stabilize the
synapse, presumably by altering the proteins at the syn-ceptor activity. In nonneural tissues, DCC/Fra has been
found to be ubiquitinated, and its degradation via the apse, although exactly how this is accomplished re-
mains unknown.proteasome-dependent pathways is mediated by a
RING E3, known as Siah in vertebrates (Hu et al., 1997). In order to find other components of the ubiquitin-
dependent machinery at the neuromuscular junction,The results on cultured vertebrate neurons suggest an
important function for the ubiquitin system in Netrin- DiAntonio and colleagues screened for genes that would
enhance the faf overexpression phenotype and isolatedDCC/Fra signaling and growth cone behavior, although
its exact role in vivo remains unknown. However, these a gene called highwire. The hiw mutant was originally
identified in a loss-of-function screen that disruptedvarious results have not been combined experimentally
to determine if this is part of the Netrin regulatory system walking behavior, and the synaptic phenotype was an
overgrowth very similar to the gain-of-function faf phe-at the midline in vivo.
Commissureless and Synapse Formation notype (Wan et al., 2000). Hiw is a gigantic protein of
more than 5000 amino acids, and among other domainsGrowth cones that have successfully navigated across
the midline must recognize their ultimate targets and it contains the RING finger, signature of a ubiquitin E3
ligase. Interestingly, mutating the homologous gene intransform into sedentary synapses. Chiba and his col-
Neuron
8
worms (RPM-1) causes similar phenotypes at the neuro- ments have provided the clearest example yet of the steps
muscular junction. Although the precise nature of the between ligand activated receptors, ubiquitin-mediated
signaling pathways involved is still being investigated, endocytosis, and degradation in the lysosome (Fig-
the finding of an interaction between a positive and ure 2C).
negative regulator of ubiquitination suggests that a Ubiquitous Ubiquitin
push-pull system fine tunes synaptic strength during In conclusion, these examples show that ubiquitin is
development. While further study is necessary to deter- involved in the dynamic and exquisitely precise regula-
mine the details of these pathways, there can be little tion of protein trafficking during the assembly of neural
doubt that ubiquitin regulates synaptic stabilization. circuits. The work provides a point of entry to a whole
Whether it is a general regulation of endocytosis through new world of neural regulation, and work in the next
polyubiquitin and a proteasome-mediated process as few years promises to uncover many more roles for
in the eye or monoubiquitin that regulates trafficking of ubiquitin. One of the outstanding questions now is how
a cell surface protein remains to be determined. ubiquitination is regulated temporally and spatially to
Synaptic Plasticity control the various processes during the development
Finally, ubiquitin is involved in synaptic plasticity. In of neural circuits, and this will be a focal point in the
Aplysia, ubiquitin regulates the strength of a connection next wave of papers on ubiquitin and the nervous sys-
during learning and memory (Hegde et al., 1997). In a tem. Soon, like other areas of cell biology where a litera-
series of elegant experiments, Kaplan and his col- ture search on “ubiquitin” is likely to turn up hundreds,
leagues show in the nematode worm C. elegans that if not thousands, of references, the growing tide of ubi-
the strength of glutamatergic synapses is regulated by quitin will no doubt swamp the neurosciences as well.
ubiquitin (Burbea et al., 2002).
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